In this article, it is considered that the mechanism of yawning function is correlative to sleep. It was revealed from the electrophysiological studies that the slow wave sleep (SWS) was characterized as decrease in excitation from inspiratory motoneurons more than from expiration, manifesting the expiratory activity dominating in SWS. To analogize yawning to SWS, herein it is only considered the expiration during yawning, pressing the sensory posterior palate and maxillary sinuses with air flow, so that yawns similarly regulate the vascular circulations from mouth to eye as SWS, as evidenced by the closure of eyelid in sleep and the association of ophthalmic diseases with obstructive sleep apnea. Besides, it is pointed out that the yawning expiration of high muscular tone elicits the muscular constriction at the back of neck, potentiating the expiratory press in mouth stronger than that of SWS. Accordingly, it is hypothesized that the yawning resembles the SWS to play the neurovascular regulation in head driven by expiration. It is speculated that the initiative mouth opening in yawns may have functions other than that considered here. It is expected that this new and neglected function of yawning with expiratory neurovascular regulation in head may add more to understand the complex functions of yawns.
Introduction
It is common knowledge that yawning is the correlative behavior of sleep, while frequently occurring before and after sleep with lower levels of alertness, Whereas, the functions of yawns have still been the unsolved enigmas to the scientists [1] . In this paper, it is considered that the mysterious yawning function is in relevance to the functions of slow wave sleep (SWS), which is the period of sleep occurring on the early stage of sleep producing slow waves with a range of frequency from 0.5 Hz to 2 Hz and peak-to-peak amplitude greater than 75 µV. It is attempted to hypothesize an intuitive physiological mechanism underlying the shared function of yawns and SWS.
The Various Postulated Functions of Yawns
Scientists have postulated various functions for yawns up to now, mainly as the followings:
1) For several centuries, the scientists have thought that yawns might remove "bad air" from the lungs and increase oxygen circulation in the brain, known as the respiratory and circulatory hypotheses [1] . However, some experiments did not support this function of yawns, because the gas mixtures with high levels of CO 2 or physical exercise did not produce yawns more frequently [1] [2] , while the exercise sufficient to double breathing rate had no effect on yawns [1] [2] .
2) It has been suggested yawning more compatible with sleepiness hypothesis rather than arousal hypothesis [1] because yawns occurred most frequently before and after sleep with lower levels of alertness [1] whereas did not produce an EEG arousal [1] [3] [4] . In this regard, it is reasonable to consider the function of yawning as relevant to the induction of sleep or even the function of sleep at early stage.
3) Recently, Gallup and his colleagues have hypothesized the function of yawns from its underlying physiological mechanism as brain cooling thermoregulation [5] [6] , presumably via the facial paranasal sinuses [7] . Because brain cooling thermoregulation can only be accomplished via neurovascular regulation of head, it is enlightened from this hypothesis and related experiments that the neurovascular regulation of head should be the underlying physiological mechanism related to the function of yawning, while brain cooling thermoregulation may be one manifestation of the neurovascular regulation of head. 4) There is another hypothesis on yawning function nowadays. Thompson suggested that, because yawns often occurred under stress or tiredness, the yawning function might be linked to the decrease of cortisol level [8] . Besides, recently it was as well demonstrated in primates that yawning played function against anxiety [9] . However, this hypothesis neglects the mechanism of neurovascular regulation, which can certainly accomplish the yawning function against stress, tiredness or anxiety, while the decrease of cortisol level may be the oversimplified one of the related consequences of yawns against stress/tiredness. [1] . Although the human yawns occur more frequently in the relative absence of social stimulation, the yawns in the other species such as wolves are more frequent in the association with social stimulation [10] . In Table 1 , it listed the updated hypothesized yawning functions and the related physiological mechanisms. From these various postulated yawning functions and the related supporting experiments, it can restrict the yawning functions to a narrower range. From (2) in this section, it restricts the yawning function as relevant to the induction of sleep or even the function of sleep at early stage. From (3) in this section, it restricts the yawning function to the neurovascular regulation of head, which can also account for the yawning functions as release of stress or tiredness in (4) in this section. The social/communicative yawning functions in (5) in this section are irrelevant to human yawns and beyond the physiological mechanisms considered in this paper.
In brief, it can be integratively concluded in this section that the yawning function is related to the neurovascular regulation in head relevant to sleep.
The Similar Function of SWS against Stress and Depression
As mentioned above, the yawning function is relevant to the induction of sleep Brain cooling via paranasal sinuses [7] can implicate that yawns regulate the neurovascular balance in head.
(4) Decrease of cortisol level [8] This may be the oversimplified one of the related consequences of yawns against stress/tiredness. [20] , and selective deprivation of stage 4 SWS in humans was reported to produce a depressive or hypochondriacal state [21] . In contrast, it has been successfully adopted for decades of years to help ameliorate depression by increasing the duration of SWS in early sleep with phase advance of sleep [22] [23]. In consistency, the high delta sleep ratio might help prevent the early recurrence of unipolar affective disorder [24] . Besides, hippocampal lesion but not neocortical lesion caused impairment of SWS [25] , while the neuronal activity in SWS increased in hippocampus but not in neocortex [26] [27] [28] . In all, it is evident that SWS plays a role in limbic and emotional regulation, especially against depression and stress. With regard to the concurrent memory processing in SWS, it has been shown that the SWS might help retention of declarative memory in humans [29] [30], while impair memory in emotional learning tasks in animals [31] [32] . At the cellular level, it was shown that SWS favored long-term depression (LTD) [33] [34] but not long-term potentiation (LTP) [35] [36].
The underlying LTD in SWS may partly account for how the SWS adjusts the emotional balance against depression and stress. However, it is not sufficient to manifest the peripheral physiological changes brought about by SWS. Because the neurovascular regulation in head is relevant to yawning function as mentioned above, it is definitely necessary to additionally consider how the SWS regulates the neurovascular system in head.
The Parallel Expiratory Driving Neurovascular Regulation in Head during Yawning and SWS
Yawning consists of an involuntary sequence of mouth opening, deep inspiration, brief apnea, and slow expiration [1] [37], driven by the movements of mouth and respiration. Increases in heart rate, lung volume, and eye muscle tension have been reported during or immediately following yawning [37] . SWS manifests decrease in blood pressure [38] and complex regulation of heart rate [39] . In electrophysiology, it has been demonstrated that the sleep-wake state can modulate the inspiratory motoneurons of respiration, while the tonic expiratory units are largely unaffected by the sleep-wake state [40] . Besides, it has also been demonstrated that the obstructive sleep apnea is closely related to expiratory breath [41] [42] . Both of these observations demonstrate that the expiratory activity dominates in SWS.
The air flow in SWS can certainly press against the sensory posterior palate and maxillary sinuses, which can in turn elicit neurovascular regulation in head.
It has been reported that the palate may cause snoring and obstructive sleep apnea [43] , while the maxillary expansion can treat the obstructive sleep apnea [44] , demonstrating the presence of pressure from the expiratory air flow in SWS onto the posterior palate and maxillary sinuses. To analogize the yawns to SWS, their common expiratory activity would certainly be accounted into consideration. In both yawns and SWS, the expiration drives the air flow to press against the sensory posterior palate and maxillary sinuses, which would in further elicit neurovascular regulation in head. In contrast to the domination of expiratory activity in SWS, the yawning expiration is slow and seems less dominant than its inspiration with mouth opening. This needs explanation. It is necessary to point out that in yawns the expiration of high muscular tone can elicit the muscular constriction at the back of neck and potentiate the pressing of air against the sensory posterior palate and maxillary sinuses, which is stronger than that of SWS.
Besides the expiration of high muscular tone, the yawns are initiated saliently with mouth opening and inspiration [1] [37] . Obviously, mouth opening directly presses the blood in the head, but different from SWS without mouth opening so big. Because of its difference from SWS, it is not considered the mouth opening in this paper, which can be further investigated elsewhere in future.
The Parallel Neurovascular Regulation in Head up to Eye during Yawning and SWS
The similarity of yawns and SWS in neurovascular regulation of head should be inspected not only in their sensation via expiratory pressing against the sensory posterior palate and maxillary sinuses, but also in their consequence of neurovascular regulation in head.
In SWS, the above stated expiratory pressing of air against the sensory posterior palate and maxillary sinuses can be relayed up to the vascular circulation in eyes. For evidence, on the one hand, it is common knowledge that the sleep need close the eyelids. It has been demonstrated that the closure or tiredness of eyelids manifest the extent of drowsiness and sleepiness [45] [46] . On the other hand, the expiration in SWS can really regulate the vascular circulation in eyes. It has been demonstrated that many vascular diseases of eyes are associated with the obstructive sleep apnea, such as the glaucoma, retinal vein occlusion, nonarteritic anterior ischemic optic neuropathy, central serous chorioretinopathy, floppy eyelid syndrome and so on [47] [48] . In the obstructive sleep apnea, the inspiration can still affect the eye in the same way as in normal subjects, while the expiration is affected somewhat on pressing the posterior palate and maxillary sinuses because of the physical obstacle.
In yawns, the neurovascular regulation in head can also reach up to eye, as evidenced by the collection of tears from yawns [49] [50] . The tears in yawns may be produced by either mouth opening or expiration. However, because crying can produce many tears mainly by expiration, it is reasonable to deduce that the expiration in yawns would similarly contribute to the generation of yawning tears, demonstrating the expiratory driving neurovascular regulation in yawns can also affect up to eye as in SWS.
In all, the parallel neurovascular regulation in head from the expiratory pressure onto the sensory posterior palate and maxillary sinuses by both the yawns 
Discussions
Yawning is the behavior closely correlated to sleep. Thus, it is reasonable to consider the yawning function together with that of SWS.
There have been postulated various functions of yawns, such as the clearance of "bad air" from lungs [1] [2], the sleepiness hypothesis [1] [3] [4] , the brain cooling thermoregulation [5] [6], the release of stress [8] or anxiety [9] , the social/communicative yawning functions [1] , and so on. Collectively, it can be summarized from these updated studies of yawning functions that the yawning function is related to the neurovascular regulation in head during drowsiness around sleep.
Closely related to such yawning function, the function of SWS on neurovascular regulation in head need be considered. The electrophysiological observations have demonstrated that the expiratory activity dominates in SWS [40] . The expiratory air flow in SWS can press against the sensory posterior palate and maxillary sinuses, and elicit the neurovascular regulation in head, as having been demonstrated that the palate may cause snoring and obstructive sleep apnea [43] , while the maxillary expansion may treat the obstructive sleep apnea [44] . Besides, such expiratory neurovascular regulation in head in SWS can further be relayed up to eye, as evidenced by that many vascular diseases of eyes are associated with the obstructive sleep apnea [47] [48] , in which the inspiration can still affect the eye similarly as in normal subjects while the expiration is affected somewhat from pressing the posterior palate and maxillary sinuses due to the physical obstacle.
Because of the correlative nature of yawns to sleep, it is only considered the yawning expiration in this article. In yawns, the neurovascular regulation in head by yawning expiration can also affect up to eye as in SWS, which can be evidenced by the collection of tears from yawns [49] [50] as from crying.
In contrast to the domination of expiratory activity in SWS, the yawning expiration is slow and seems less dominant than the yawning inspiration with mouth opening. This is the reason why the expiratory function of yawns has been neglected somewhat. However, it is necessary to specially point out that in yawns the expiration of high muscular tone can elicit the muscular constriction at the back of neck, which potentiates the expiratory press against the sensory posterior palate and maxillary sinuses, and makes the expiratory press stronger than that of SWS.
The yawns are initiated with mouth opening and inspiration [1] [37] . Mouth opening in yawns is different from SWS without mouth opening so big. Because of its difference from SWS, it is not considered the yawning mouth opening in this paper. The initiative mouth opening in yawns may have functions other than that of SWS. It is definitely important to further investigate the functions of mouth opening in yawns in future.
In contrast to the difference in the functions of mouth opening in yawns to Z.-J. Cai DOI: 10.4236/oalib.1104649 7 Open Access Library Journal SWS, the expiratory driving function of yawns is perspective in its intimate analogy to the physiology and function of SWS in both regulating the neurovascular balance in head and the wake-sleep status in eye, so that not only manifesting the physiological mechanism to accomplish the shared expiratory driving function of yawns and SWS, but also enlightening the comprehension of the wake-sleep transition. Obviously, it is important to further promote the investigation of this subject in future. It is certainly necessary to call for more research on the various functions of yawns. The yawning behavior is closely correlated to sleep, which can not only accomplish a portion of sleep functions, but also provide some useful clues to understanding the complex mechanisms of sleep functions.
Conclusions
In this article, due to the correlative nature of yawning behavior to sleep, it is considered the mechanism of yawning function in parallel to that of SWS. From reviewing the various updated yawning functions, it is summarized that the yawning function is related to the neurovascular regulation in head during drowsiness around sleep.
It is demonstrated that the expiratory activity dominates in SWS because the SWS has been reported as decrease in excitation from inspiratory motoneurons more than from expiration. The expiratory neurovascular regulation in SWS via pressing the sensory posterior palate and maxillary sinuses in head with air flow can further be relayed up to eye, as evidenced by many vascular diseases of eyes in association with the obstructive sleep apnea.
To analogize the yawning function to that of SWS, in this article it is only considered the yawning expiration, which presses the sensory posterior palate and maxillary sinuses with air flow, so that similarly regulates the vascular circulations from mouth to eye as SWS. The expiration of high muscular tone in yawns can elicit the muscular constriction at the back of neck, and potentiate the pressing of air against the sensory posterior palate and maxillary sinuses stronger than that of SWS. Via this mechanism of potentiated expiratory air pressure, the neglected yawning expiration resembles the SWS to regulate the neurovascular system in head. Whereas, the mouth opening in yawns may have functions other than that considered here.
